The serine-threonine protein kinase Akt has been identified as an important mediator of cell survival able to counteract apoptotic stimuli. However, hibernation, a model of natural tolerance to cerebral ischemia, is associated with downregulation of Akt. We previously established a model of ischemic tolerance in a PC12 cell line and using this model we now addressed the question whether ischemic tolerance also downregulates Akt in PC12 cells. Kinetic studies showed decreased Akt phosphorylation in tolerized cells. Similarly, phosphorylated levels of three major targets of Akt and well-known proapoptotic factors, the glycogen synthase kinase 3 (GSK-3), a Forkhead family member, FoxO4, and the protein murine double minute 2 (MDM2), all inactivated upon phosphorylation by Akt, were decreased in preconditioned cells. In addition, pharmacological blockade of the phosphoinositide 3-kinase (PI3K)/Akt pathway reduced cell death induced by oxygen and glucose deprivation (OGD) and increased the protective effect of preconditioning (PC). Furthermore, decreasing availability of P-Akt by transfecting PC12 cells with constructs of inactive Akt also resulted in protection against OGD and potentiation of the protective effect of PC. Depending on the environment, GSK-3, FOXO-4, and MDM2 can trigger apoptotic responses or cell cycle arrest, and thus, in a situation of reduced energy, driving the cells into a state of quiescence might be neuroprotective. This work suggests that in the context of tolerance downregulation of Akt is beneficial.
Introduction
Preconditioning (PC) with a brief toxic stimulus allows the cells to acquire tolerance to a more severe insult. This general phenomenon known as tolerance has been reported in a wide variety of models. The molecular mechanisms associated with the acquisition of this tolerant state can be induced by diverse insults and are believed to be independent of the nature of insult. However, these mechanisms are still mainly unknown. To improve our knowledge of signaling cascades involved in the phenomenon of tolerance, we developed a model of ischemic tolerance in PC12 cells (Hillion et al, 2005) . In this report, we also showed the contribution of apoptosis in cell death induced by oxygen and glucose deprivation (OGD) in PC12 cells and the capacity of 6 h of OGD PC to counteract cell death induced by 15 h of OGD 1 day later.
The serine-threonine protein kinase Akt has been shown to counteract apoptosis by phosphorylating and inactivating proapoptotic proteins such as glycogen synthase kinase 3 (GSK-3), the Bcl2 family member, BAD, Forkhead family members and procaspase-9. Direct targets of Akt also include the ubiquitin ligase protein murine double minute 2 (MDM2), responsible for the negative regulation of p53, a known proapoptotic transcription factor. The activation of Akt is dependent on its translocation to the plasma membrane and association via its pleckstrin homology domain with the phospholipids phosphatidyl-inositol-3,4,5-triphosphate [PI(3, 4, 5) P 3 ], products of the conversion of phosphatidyl-inositol-4,5-biphosphate [PI(4,5)P 2 ] by phosphoinositide 3-kinases (PI3K). Phosphorylation of Akt on Ser473 and Thr308 occurs after relocalization at the plasma membrane and is required for Akt enzymatic activation.
Although a decrease of Akt activity is expected to be proapoptotic, hibernation, a model of natural tolerance to cerebral ischemia (Frerichs and Hallenbeck, 1998 ) is associated with downregulation of Akt (Cai et al, 2004 ). Using our model of ischemic tolerance in PC12 cells, we addressed the question whether ischemic tolerance also downregulates Akt in PC12 cells. Our kinetic studies showed a reduction of Akt phosphorylation in tolerized cells. In addition, pharmacological blockade of the PI3K/Akt pathway reduced OGD-induced cell death and increased the protective effect of PC. Decreasing availability of P-Akt by transfecting PC12 cells with constructs of inactive Akt, with mutations of Thr308 and/or Ser473 to Ala, also resulted in protection against OGD and potentiation of the protective effect of PC.
Materials and methods

Oxygen and Glucose Deprivation and Preconditioning of PC12 Cells
PC12 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were plated at a density of 5 Â 10 5 cells/well in six-well multiwell Biocoat plates precoated with poly-D-lysine (BD Biosciences, Bedford, MA, USA) and grown for 24 h in RPMI 1640 culture medium supplemented with 10% horse serum and 5% fetal bovine serum (FBS) (ATCC), 'complete medium', at 371C in a normoxia + 5% CO 2 atmosphere. For the induction of OGD, cells were washed twice in RPMI without glucose (Life Technologies, Carlsbad, CA, USA) switched to RPMI 1640 without glucose supplemented with 2% horse serum and 1% FBS (OGD medium) and placed in modular incubator chambers (Billups-Rothenberg, Del Mar, CA, USA). The chambers were flushed with a gas mixture of 95% N 2 /5% CO 2 for 30 mins at room temperature at 3 L/min. After flushing, the chambers were sealed and placed at 371C. Oxygen and glucose deprivation was performed for 15 h or for the indicated times (O 2 levels 2% to 3%). For PC experiments, cells were grown for 24 h in complete medium. They were washed twice in RPMI without glucose, switched to OGD medium and subjected to 6 h of OGD with initial flushing as described above. Sister plates not subjected to OGD PC (sham preconditioned) were washed twice with RPMI without glucose and maintained in RPMI 1640 (glucose present) supplemented with 2% horse serum and 1% FBS. Sham-preconditioned and OGD-preconditioned cells were maintained in glucose-containing medium and normoxia for 24 h for the development of cellular tolerance. Subsequently, these cells were exposed to severe OGD for 15 h. In addition, 'nonischemic' controls were sham preconditioned and maintained in RPMI 1640 supplemented with 2% horse serum and 1% FBS, but were not exposed to OGD. To evaluate the influence of different cell proliferation rates in preconditioned versus non-preconditioned cells, sister plates were seeded at different cell densities and OGDinduced cell death was measured by lactate dehydrogenase (LDH) assay (data not shown). As expected, we observed decreased cell death with lower cell density. However, given the very small reduction in cell number in preconditioned cells compared with naïve cells (because of cell cycle, arrest during the 6 h of OGD), we also observed that the resulting effect on cell death is minimal in comparison to the effect of PC and only very partially accounts for the protection observed in preconditioned cells.
Assessment of Cell Survival and Cell Death
Immediately after OGD, cell survival and cell death were assessed by release of LDH, with the LDH assay kit (SigmaAldrich, St Louis, MO, USA). Aliquots of culture medium were collected from sister wells for measurement of LDH leakage. For assessment of total LDH activity, cells were incubated with 100 mL of lysis solution/well for 30 mins at 371C and lysates were centrifuged to remove cellular debris. Absorbance was read at 490 nm and LDH release was expressed as a percentage of the total LDH (cellular plus medium LDH), which represents the proportion of cell death caused by OGD.
Staining of Apoptotic Cells and Fluorescence-activated cell sorter Analysis
Cells were collected using a papain dissociation system (Worthington Biochemical Corporation, Lakewood, NJ, USA) and 10 6 cells were labeled with Hoechst 33342 and propidium iodide (PI) (Vybrant Apoptosis Assay Kit #5; Molecular Probes, Eugene, OR, USA), according to manufacturer's specifications. The cells were analyzed using a dual-laser FACSVantage SE flow cytometer (Becton Dickinson, Mountain View, CA, USA). Propidium iodide signal was excited using a 488-nm laser light and the emission captured with a bandpass filter set at 6137 20 nm. Hoechst 33342 was excited using a 351-nm ultraviolet laser light and its emission captured with a bandpass filter set at 450720 nm. Cell Quest Acquisition and Analysis software (Becton Dickinson) was used to acquire and quantify the fluorescence signal intensities and to graph the data as bivariate dot density plots. In two color experiments with Hoechst and PI, no compensation was required. In three color experiments with enhanced green fluorescent protein (EGFP), Hoechst and PI, spectral overlap between EGFP and PI was electronically compensated.
Western Blots
Immediately after OGD, cells were washed once, lysed in lysis buffer containing 100 mmol/L Tris-Hcl, 40 mmol/L ethylenediaminetetraacetic acid and 2% sodium dodecyl sulfate (SDS), scraped, and boiled at 951C for 5 mins. The lysates were then sonicated for 10 secs, boiled at 951C for an additional 5 mins, and centrifuged for 5 mins at 41C. Total protein extracts (30 mg) were boiled for 5 mins in Laemmli buffer and resolved by electrophoresis on a 10% SDS-polyacrylamide gel electrophoresis gel (Invitrogen, Carlsbad, CA, USA). Proteins were electrotransferred onto a polyvinylidine fluoride membrane (Invitrogen). Nonspecific binding was blocked by incubation overnight in 20 mmol/L Tris, pH 7.6-buffered saline with 0.1% Tween 20 (TBST) containing 5% nonfat dried milk. Membranes were probed overnight with primary antibody against Akt, P-Akt, GSK-3, P-GSK-3, P-FoxO4, P-MDM2 (all from Cell Signaling Technology, Beverly, MA, USA) or against bactin (Sigma-Aldrich, St Louis, MO, USA), diluted 1:1,000 in Primary Antibody Dilution Buffer (1:10,000 for b-actin antibodies) and washed three times for 5 mins in TBST. The blots were then incubated with horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (IgG) (1:2,000) (anti-mouse IgG, 1:5,000 dilution, for b-actin) and horseradish peroxidase-conjugated anti-biotin antibody (1:1,000) in blocking buffer for 1 h at room temperature, washed three times for 5 mins in TBST, and visualized with a chemiluminescence detection system (SuperSignal West Pico Chemiluminescent Substrate, Pierce, Rockford, IL, USA).
Construction of Akt Mutant Constructs
Wild-type and mutated mouse Akt1 complementary DNA (cDNA) fragments were cloned in the EGFP-N1 expression vector (Clontech) at the HindIII/BamHI sites, so they were expressed as fusion to the N-terminus of EGFP. Mutations (Thr308 and Ser473 to Ala) were introduced by a Quick Change XL site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) and confirmed by sequencing. The DNA sequencing also ensured that no stop codon was in the joint area of the Akt fragments and EGFP and that they were in the same reading frame.
Transient Transfection
PC12 cells were plated at a density of 5 Â 10 5 cells/well in six-well multiwell Biocoat plates precoated with poly-Dlysine (BD Biosciences) and grown for 24 h in complete medium at 371C in a normoxia + 5% CO 2 atmosphere. They were then subjected or not to 6 h OGD for PC in the conditions described above and returned to low serum medium for another 24 h. For transfection, cells were incubated overnight at 371C in 1 mL low serum medium containing a mixture of Akt plasmid cDNA and Lipofectamine 2000 transfection reagent (Invitrogen) at a DNA:LP2000 ratio of 1:2 in Opti-MEM (Invitrogen). The transfection incubation solution was removed 12 h later and cells returned to normal medium.
Statistics
All values are given as mean7s.e.m. Repeated measures analysis of variance (ANOVA) or bifactorial repeated measures ANOVA followed by Bonferroni's post hoc tests (GraphPad Prism 4.0 software, San Diego, CA, USA) were used for the analysis of differences between cells receiving different treatments. For each experiment, the same initial cell preparation was split and analyzed under the different experimental conditions.
Results
Preconditioning Downregulates Akt and Attenuates Oxygen and Glucose Deprivation-Induced Upregulation of Akt
Oxygen and glucose deprivation induced a strong increase in P-Akt expression in non-preconditioned cells. This increase was most prominent after 2 h of OGD and went back to basal values after 6 h of OGD. Preconditioning, that is, pre-exposure to 6 h of OGD one day before, significantly reduced basal P-Akt expression ( Figure 1 ). Furthermore, although OGD Figure 1 Effect of preconditioning on P-Akt and total Akt levels in PC12 cells exposed to oxygen and glucose deprivation (OGD). (A) Representative Western blots of P-Akt and total Akt levels in cells exposed to OGD for 0, 2, 4, and 6 h without and with preconditioning (lanes 1, 2, 3, and 4, and lanes 5, 6, 7, and 8, respectively). (B) Quantitative densitometric analysis of the effect of preconditioning on P-Akt levels in PC12 cells exposed to OGD. Results represent means + s.e.m. (n = 6) of P-Akt levels in cells exposed to OGD for 0, 2, 4, and 6 h without and with preconditioning (OGD and PC + OGD, respectively). A significant difference was obtained among the values of preconditioned and non-preconditioned cells during 0, 2, and 4 h of OGD. *P < 0.05 and ***P < 0.001, compared with OGD values; bifactorial repeated measures analysis of variance.
markedly increased P-Akt expression, the levels were significantly lower than in non-preconditioned cells (Figure 1 ). Thus, a bifactorial repeated measures ANOVA showed a significant effect of the PC factor (two levels: PC + OGD versus OGD; P < 0.001, n = 5) and the time factor (four levels: 0, 2, 4, and 6 h of OGD; P < 0.001). Bonferroni's post hoc test showed a significant difference between the preconditioned and non-preconditioned cells at 0, 2, and 4 h of OGD ( Figure 1 ). As total Akt levels were unchanged (Figure 1) , these results indicate that OGD and PC modified the phosphorylation state, and therefore the activity of Akt. In agreement with these results, similar effects of OGD and PC could be observed in the patterns of phosphorylation of GSK-3, FoxO4, and MDM2, major substrates of Akt. As for P-Akt, the levels of P-GSK-3 observed under both basal conditions and OGD were significantly lower in preconditioned compared with non-preconditioned cells (Figure 2) . A bifactorial repeated measures ANOVA showed a significant effect of the PC factor (two levels: PC + OGD versus OGD; P < 0.001, n = 5) and of the time factor (four levels: 0, 2, 4, and 6 h of OGD; P < 0.001). Bonferroni's post hoc test showed a significant difference between preconditioned and non-preconditioned cells at 0 and 2 h of OGD (Figure 2 ). Total GSK-3 levels remained unchanged in both conditions (OGD or PC + OGD). Basal levels of P-FoxO4 were barely detectable, but a very high increase in P-FoxO4 expression was observed during the first 2 h of OGD. Preconditioning significantly attenuated OGD-induced increase in FoxO4 expression (Figure 3) . A bifactorial repeated measures ANOVA showed a significant effect of the PC factor (two levels: PC + OGD versus OGD; P < 0.001, n = 4) and of the time factor (four levels: 0, 2, 4, and 6 h of OGD; P < 0.001). Bonferroni's post hoc test showed a significant difference between the preconditioned and nonpreconditioned cells at 2 and 4 h of OGD (Figure 3 ). Figure 2 Effect of preconditioning on P-glycogen synthase kinase 3 (GSK-3) and total GSK-3 levels in PC12 cells exposed to oxygen and glucose deprivation (OGD). (A) Representative Western blots of P-GSK-3 and total GSK-3 levels in cells exposed to OGD for 0, 2, 4, and 6 h without and with preconditioning (lanes 1, 2, 3, and 4, and lanes 5, 6, 7, and 8, respectively). (B) Quantitative densitometric analysis of the effect of preconditioning on P-GSK-3 levels in PC12 cells exposed to OGD. Results represent means + s.e.m. (n = 6) of P-GSK-3 levels in cells exposed to OGD for 0, 2, 4, and 6 h without and with preconditioning (OGD and PC + OGD, respectively). A significant difference was obtained among the values of preconditioned and non-preconditioned cells during 0, and 2 h of OGD. *P < 0.05 and ***P < 0.001, compared with OGD values; bifactorial repeated measures analysis of variance. Figure 3 Effect of preconditioning on P-FoxO4 in PC12 cells exposed to oxygen and glucose deprivation (OGD). (A) Representative Western blot of P-FoxO4 levels in cells exposed to OGD for 0, 2, 4, and 6 h without and with preconditioning (lanes 1, 2, 3, and 4, and lanes 5, 6, 7, and 8, respectively). Reblotting with anti-b-actin was performed as loading control. (B) Quantitative densitometric analysis of the effect of preconditioning on P-FoxO4 levels in PC12 cells exposed to OGD. Results represent means + s.e.m. (n = 4) of P-FoxO4 levels in cells exposed to OGD for 0, 2, 4, and 6 h without and with preconditioning (OGD and PC + OGD, respectively). A significant difference was obtained among the values of preconditioned and non-preconditioned cells during 2 and 4 h of OGD. *P < 0.05 and ***P < 0.001, compared with OGD values; bifactorial repeated measures analysis of variance.
Finally, the levels of P-MDM2 observed under both basal conditions and OGD were significantly lower in preconditioned compared with non-preconditioned cells (Figure 4) . A bifactorial repeated measures ANOVA showed a significant effect of the PC factor (two levels: PC + OGD versus OGD; P < 0.0001, n = 4) and of the time factor (four levels: 0, 2, 4, and 6 h of OGD; P < 0.05). Bonferroni's post hoc test showed a significant difference between the preconditioned and non-preconditioned cells at 0 and 2 h of OGD (Figure 4) . Our results suggest that PC induces downregulation of Akt (lower basal expression of P-Akt, P-GSK-3 and P-MDM2, without changes in nonphosphorylated Akt or GSK-3). This downregulation does not affect the ability of OGD to activate Akt, although the final P-Akt levels and, consequently, P-GSK-3, P-FoxO4, and P-MDM2 levels are significantly lower in preconditioned than in non-preconditioned cells.
Pharmacological Blockade of Phosphoinositide 3-Kinase/Akt Pathway Induces Tolerance to Oxygen and Glucose Deprivation and Potentiates PreconditioningInduced Tolerance to Oxygen and Glucose Deprivation Next, we investigated whether PC-induced downregulation of Akt played a role in PC-induced tolerance to OGD. As observed earlier (Hillion et al, 2005) , PC significantly increased cell viability after 15 h of OGD 1 day later. Analysis of cell death by LDH release showed that PC significantly decreased cell death induced by 15 h of OGD 1 day later ( Figure 5 ; PC + OGD versus OGD; repeated measures ANOVA with Bonferroni's post hoc test: P < 0.01; n = 6). Exposure to the PI3K inhibitor LY294002 (10 mmol/L) significantly decreased OGD-induced LDH release and significantly potentiated the protective effect of PC ( Figure 5 ; OGD versus LY + OGD and PC + OGD versus PC + LY + OGD; repeated measures ANOVA with Bonferroni's post hoc test: P < 0.05 and P < 0.001, respectively). In a previous report, we showed the predominance of apoptosis in OGD-induced cell death (Hillion et al, 2005) . Indeed, flow cytometry analysis of cells labeled with specific markers for apoptosis, Annexin V, and Hoechst 33342, and of DNA content, revealed the important contribution of apoptosis. Immunocytochemistry of caspase-3, a central executioner in the apoptotic process, further confirmed the activation of apoptotic pathways in OGDinduced PC12 cell death. In this study, all markers, Figure 4 Effect of preconditioning on P-murine double minute 2 (MDM2) in PC12 cells exposed to oxygen and glucose deprivation (OGD). (A) Representative Western blot of P-MDM2 levels in cells exposed to OGD for 0, 2, 4, and 6 h without and with preconditioning (lanes 1, 2, 3, and 4, and lanes 5, 6, 7, and 8, respectively). Reblotting with anti-b-actin was performed as loading control. (B) Quantitative densitometric analysis of the effect of preconditioning on P-MDM2 levels in PC12 cells exposed to OGD. Results represent means + s.e.m. (n = 4) of P-MDM2 levels in cells exposed to OGD for 0, 2, 4, and 6 h without and with preconditioning (OGD and PC + OGD, respectively). A significant difference was obtained among the values of preconditioned and non-preconditioned cells during 0 and 2 h of OGD. *P < 0.05 and ***P < 0.001, compared with OGD values; bifactorial repeated measures analysis of variance. including Hoescht 33342 in combination with PI, gave the same qualitative results. The nuclei of early apoptotic cells can be stained with nucleic acid dyes such as the fluorophore Hoechst 33342 but not with PI, a cell-impermeant dye that stains cells with compromised membrane integrity such as necrotic or late apoptotic cells. When used in combination, Hoechst 33342 and PI allow mixed populations of viable, early apoptotic, late apoptotic, and necrotic cells to be accurately distinguished and quantified based on their differential staining patterns (Hamel et al, 1996) . Consistent with our pevious report (Hillion et al, 2005) , fluorescence-activated cell sorter (FACS) analysis of cells stained with Hoechst 33342 and PI showed apoptosis as the main process involved in OGD-induced cell death in PC12 cells. After 15 h of OGD, there was about a 40% reduction in the number of viable cells, 10-fold increase in the number of apoptotic cells and a twofold increase in necrotic cells compared with control ( Figure 6 ). Preconditioning significantly attenuated the effect of OGD, by increasing (about 15%) the number of viable cells and by decreasing (about 25%) the number of apoptotic cells (Figure 6 ; PC + OGD versus OGD; repeated measures ANOVA with Bonferroni's post hoc test: P < 0.001 and P < 0.05, respectively; n = 5). Exposure of cells to LY294002 (10 mmol/L) significantly increased the number of viable cells compared with untreated OGD (LY + OGD versus OGD; repeated measures ANOVA with Bonferroni's post hoc test: P < 0.05). Furthermore, LY294002 (10 mmol/L) significantly potentiated the protective effect of PC after 15 h of OGD (Figure 6 ; PC + OGD versus PC + LY + OGD; repeated measures ANOVA with Bonferroni's post hoc test: P < 0.01 and P < 0.05, respectively). Therefore, pharmacological blockade of the PI3K/Akt pathway with LY294002 was cytoprotective and potentiated PC-induced tolerance to OGD.
Transfection of Inactive Akt Mutants Induces
Tolerance to Oxygen and Glucose Deprivation and Potentiates Preconditioning-Induced Tolerance to Oxygen and Glucose Deprivation Downregulation of Akt activation was also induced by transient transfection of several inactive mutants of Akt, with substitution of Ser473 and/or Thr308 by alanine (TA, AS, and AA). Fluorescence-activated cell sorter analysis allowed the separation of transfected (green fluorescent protein (GFP) + ) and nontransfected cells (GFPÀ). We could observe a small increase in sensitivity to OGD in transfected cells compared with previous experiments because of Lipofectamine-induced cytotoxicity. In cells transfected with wild-type Akt (TS/GFP + ) and their controls (TS/GFPÀ), OGD induced a 60% to 70% reduction in the number of viable cells ( Figure 7A ). The effect of OGD was significantly reduced in cells transfected with the AS and the AA mutant (AS/GFP + versus AS/GFPÀ and AA/GFP + versus AA/GFPÀ; bifactorial repeated measures ANOVA with Bonferroni's post hoc test: P < 0.05 in both cases; n = 6). A trend for a counteraction of OGD effect was also observed with the TA mutant ( Figure  7A ). In cells transfected with wild-type Akt (TS/GFP + ) and their controls (TS/GFPÀ), PC attenuated the effect of 15 h of OGD 2 days later (increase of about 20% in the number of viable cells compared with non-preconditioned cells; Figure 7B ). Transfection with any of the mutant Akt constructs (TA-GFP +, AS-GFP +, or AA-GFP + ) significantly potentiated the protective effect of PC (TA-GFPÀ, AS-GFPÀ, or AA-GFPÀ) with about 40% to 50% increase in the number of viable cells compared with non-preconditioned cells (TA/GFP + versus TA/GFPÀ, AS/GFP + versus AS/GFPÀ, and AA/GFP + versus AA/ GFPÀ; bifactorial repeated measures ANOVA with Bonferroni's post hoc test: P < 0.05, P < 0.05, and P < 0.01, respectively) ( Figure 7B ). Therefore, downregulation of Akt by either blockade of PI3K/Akt pathway or transfection of inactive Akt mutants induced partial tolerance to OGD and potentiated PC-induced tolerance to OGD, strongly suggesting that downregulation of Akt is a mechanism involved in the induction of ischemic tolerance in PC12 cells.
Discussion
Ischemic PC is a well-known phenomenon able to afford robust protection against injury to various organs. However, the compensatory survival mechanisms activated after a sublethal insult are still poorly understood. In this paper, we have examined the role of the PI3K/Akt pathway in OGD-induced tolerance in PC12 cells. Our data show that OGD induces an early upregulation of Akt phosphorylation. This is in agreement with previous reports where Akt phosphorylation was found to increase during hypoxia in PC12 cells (Alvarez-Tejado et al, 2001; Beitner-Johnson et al, 2001) or at the onset of middle cerebral artery occlusion in mice (Shibata et al, 2002) . Similarly, in the dorsocaudal brainstem of the rat, hypoxia was associated with time-dependent increases in phosphorylated Akt (Simakajornboon et al, 2001) . We then analyzed phosphorylation levels of Akt in preconditioned and non-preconditioned cells between 0 and 6 h of OGD. We found that PC for 6 h followed by reoxygenation for 24 h decreased the levels of phosphorylated Akt. Furthermore, although OGD markedly increased P-Akt expression in preconditioned cells, the levels were significantly lower than in non-preconditioned cells. Evidence has accumulated over the past decade consistently identifying Akt as an important mediator of cell survival able to counteract apoptotic stimuli (Marte and Downward, 1997; Brunet et al, 1999) . However, Akt plays a key role in a broad spectrum of other essential cellular functions, therefore its mechanisms of action are multiple and complex and much remains to be elucidated (Kandel and Hay, 1999; Franke et al, 2003; Scheid and Woodgett, 2003) . Thus, the role of Akt must be evaluated in a given model and given environment. In the context of ischemic tolerance, studies in cardiac or liver PC suggest a protective role for the PI3K/Akt pathway (Mocanu et al, 2002; Armstrong, 2004; Carini et al, 2004) . In brain ischemic tolerance where few data are available, it is unclear whether activation of Akt contributes (Yano et al, 2001) or not (Namura et al, 2000) to PC-driven neuroprotection. Recently, Nakajima et al (2004) compared levels of phosphorylated Akt during reperfusion after focal cerebral ischemia in the rat and found that these levels were lower in the preconditioned than in the non-preconditioned animals. Hibernating animals can sustain for a long time a profound reduction in brain blood flow without any brain injury, thus making hibernation a natural model of ischemic tolerance (Frerichs and Hallenbeck, 1998) . Akt phosphorylation and activity were found to be downregulated in the brain and other organs of hibernating ground squirrels (Cai et al, 2004) .
We then investigated whether lower Akt phosphorylation levels correlate with a reduction in Akt activity and thus examined phosphorylation levels of several important downstream targets of Akt and proapoptotic factors. In fact, a significant decrease in phosphorylation levels of the protein kinase GSK3 and the transcription factor FoxO4 was observed in tolerized cells. Downregulation of Akt activity was further confirmed by examining levels of phosphorylated MDM2, another substrate of Akt. Compared with naïve cells, cells preconditioned 24 h earlier, exhibited lower levels of P-MDM2, both under basal conditions and after OGD. Akt-mediated phosphorylation of MDM2 allows subsequent ubiquitination and degradation of the p53 tumor suppressor protein whose activation is known to be proapoptotic (Ogawara et al, 2002; Feng et al, 2004). Phosphorylation of GSK3 and FoxO4 by Akt inactivates their function (van Weeren et al, 1998; Kops et al, 2002; Cross et al, 2000; Rena et al, 1999; Brazil et al, 2004) and promotes cell survival. Hence, a decrease in the phosphorylation levels of GSK3, FoxO4, and MDM2 is in favor of a reduced activation of cell survival pathways. Therefore, tolerance-induced increase in cell survival is expected to be associated with an increase rather than a reduction in Akt activation. However, in the model described here a decrease in Akt activation is associated with a reduction in cell death, suggesting that too much activation of Akt is harmful. In agreement, a recent report indicates that genetic inactivation of one of the three isoforms of Akt (Akt1) protects against ischemic brain injury ( Alkayed et al, 2005) . An explanation for these findings is that besides their well-documented role in apoptosis, GSK3, p53 as well as the FoxO superfamily of transcription factors through their multiple targets exert an essential regulatory influence on main cellular functions such as cell proliferation and growth arrest (Cohen and Frame, 2001; Jope and Johnson, 2004; Arden and Biggs, 2002; Tran et al, 2003) . Thus, depending on the environment, these proteins can trigger apoptotic responses or cell cycle arrest, and, in a situation of stress, driving the cells into a state of quiescence might be neuroprotective. Indeed, the involvement of forkhead proteins in longevity was first shown in the dauer larva of the nematode Caenorhabditis elegans, where activation of the worm FoxO transcription factor, DAF-16, is necessary for the formation of the dauer larva stage under conditions of starvation and crowding (Ogg et al, 1997) . In mammals, FoxO protein family was shown to be essential for the long-term survival of quiescent cells and to play an important role in cell cycle arrest Kops et al, 2002; Cunningham et al, 2004) . Similarly, Imae et al (2003) reported that FoxO protein levels were increased by fasting, suggesting that in conditions of food scarcity, activation of FoxO transcription factors may be essential for survival. Furthermore, FoxO3a, by inducing DNA repair at the G 2 to M checkpoint, was found to play an important role in resistance to stress (Tran et al, 2002) .
In view of a potential deleterious effect of a strong activation of Akt during OGD, we tested whether pharmacological blockade of Akt would be protective against OGD-induced cell death. Inhibition of the PI3K/Akt pathway with LY294002, a specific inhibitor of PI3K, during OGD was found to be protective in PC12 cells. Similarly, in cells preconditioned for 6 h, exposure to LY294002 during OGD 24 h later induced a potentiation of PC-induced cytoprotection. These data support a beneficial impact of Akt inhibition in an environment low in energy. This finding was further confirmed in a last set of experiments where PC12 cells were transfected with different constructs of Akt cDNA, with mutations of Thr308 and/or Ser473 to Ala and survival to OGD analyzed. Transfection with either mutant Akt cDNA, but not with wild-type Akt cDNA, significantly potentiated PC-induced protection. Taken together, these data indicate that, in contrast to what could be expected, Akt downregulation is an important mechanism of toleranceinduced protection. However, similarly to the regulation of apoptosis that involves different protein kinase pathways (Cross et al, 2000) , acquisition of tolerance is an effect of a complex network of signals that cooperate to provide the cells with resistance to a severe insult. In a recent study, crosstalk between kinases showed to provide compensation to ensure protection of PC (Hausenloy et al, 2004) . One should also keep in mind that PC allows moderate activation of molecular pathways, which may prevent their overactivation during subsequent lethal stimuli.
In conclusion, the results obtained with a model of ischemic tolerance in PC12 cells suggest that overactivation of the antiapoptotic serine-threonine kinase Akt is detrimental rather than beneficial, confirming the alteration of cell responses after OGD PC. Future research will focus on deciphering the biochemical pathways responsible for the development of tolerance to generate novel opportunities for drug discovery and drug-based therapies.
